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In this work we explore the possibility that the motion of the deuterium ions emitted from Coulomb 
cluster explosions is chaotic enough to resemble thermalization. We analyze the process of nuclear 
fusion reactions driven by laser-cluster interactions in experiments conducted at the Texas Petawatt 
laser  facility  using  a  mixture  of  D2+
3He  and  CD4+
3He  cluster  targets.  When  clusters  explode 
by Coulomb repulsion, the emission of the energetic ions is “nearly” isotropic. In the framework 
of cluster Coulomb explosions, we analyze the energy distributions of the ions using a Maxwell- 
Boltzmann (MB) distribution, a shifted MB distribution (sMB) and the energy distribution derived 
from a log-normal (LN) size distribution of clusters. We show that the  first  two  distributions 
reproduce well the experimentally measured  ion  energy  distributions  and  the  number  of  fusions 
from d-d and d-3He reactions. The LN  distribution  is  a  good  representation  of  the  ion  kinetic 
energy distribution well up to high momenta where the noise becomes dominant, but overestimates 
both the neutron and the proton  yields. If the parameters of the LN distributions are chosen to 
reproduce the fusion  yields  correctly,  the  experimentally  measured  high  energy  ion  spectrum  is 
not well  represented. We  conclude  that  the  ion  kinetic energy  distribution  is  highly chaotic  and 
practically not distinguishable from a thermalized one. 
 
I. INTRODUCTION 
 
 
Experiments using intense lasers  irradiating  clusters 
are interesting not only for practical application such as 
energy production and neutron sources but also for ba- 
sic science such as the measurement of cross sections in 
hot plasma of interest in astrophysics. In such studies 
[1–23], the interaction between the laser pulse and the 
clusters causes the ionization and subsequent explosion 
of the clusters creating a hot plasma. Assuming that all 
the electrons are stripped by the laser light, the explosion 
and fusion of the cluster targets is well described by the 
Coulomb explosion model [1–4, 10, 13, 14, 16, 24–30] in 
which the energetic ions resulting from the laser-target 
interaction accelerate and fuse within the plasma. It is 
the collisions among ions of different clusters which gives 
rise to nuclear fusion. Since the fusion cross sections for 
d-d and d-3He reactions are very sensitive to the high en- 
ergy tails of the plasma ion distributions, it is very impor- 
tant to determine the true nature of the particle energy 
distribution functions and perform the data  extrapola- 
tion precisely. During the experiments [3, 4, 30], an in- 
tense ultra-short laser pulse irradiates either D2 or CD4 
clusters mixed with 3He gas, simultaneously producing 
three types of nuclear fusion reactions in the interaction 
volume: D(d, t)p, D(d, 3He)n and 3He(d, p)4He.  In this 
work, we focus on the study of the last two reactions, 
from which 2.45 MeV neutrons and 14.7 MeV protons 
are produced, respectively. According to the Coulomb 
explosion mechanism, the kinetic energies of the result- 
ing deuterium ions reach several keV and d-d fusion re- 
actions can occur when energetic deuterium ions collide 
with each other or with cold deuterium atoms in the 
background gas jet outside the focal spot, see also [31]. 
For d-3He fusion reactions, the 3He ions are regarded as 
stationary since they remain cold after the intense laser 
pulse is gone (i.e., 3He atoms do not absorb the laser pulse 
energy efficiently because they do not form clusters at the 
nozzle temperature of 86 K [30, 32]). In this paper, we 
analyze both fusion yields of neutrons and protons pro- 
duced in three different scenarios of ion energy distribu- 
tions (i.e., Maxwell-Boltzmann (MB), shifted Maxwell- 
Boltzmann (sMB) and log-normal (LN)  distributions). 
We show that the fusion yields and the plasma ion ki- 
netic energy distributions are consistent with MB and 
sMB. The LN distribution does not offer a good repre- 
sentation of the measured ion signal when reproducing 
the measured fusion yields. Thus we conclude that, at 
least for the quantities considered here, the system  is 
close to a thermal state distribution scenario. It is im- 
portant to stress that equilibrium is probably not reached 
through ion-ion, ion-electron etc. collisions since the ion 
kinetic energies are of the order of keV or higher.  But 
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rather, the Coulomb explosion of different cluster sizes is charge (i.e., e=1.6×10 −19 
2 
C), RΩ=50 Ω is the Faraday 
so chaotic as to be practically not distinguishable from 
thermalization [33]. 
 
 
II. EXPERIMENTAL SETUP 
 
The Texas Petawatt laser (TPW) is a 190 J, 170 fs 
laser based on Optical Parametric Chirped Pulse Ampli- 
fication followed by power amplification in two types of 
Neodymium-doped glass [34]. During the experiments, 
the TPW delivered 90-180 J per pulse with 150-270 fs 
duration onto a cryo-cooled gas mixture of D2+
3He or 
cup impedance, dΩ= 
πrF is the solid angle and r =8 mm 
is the radius of the Faraday cup detector. We will assume 
that the ion angular distribution is flat [1]. In order to 
distinguish the detectable ion signal from the electromag- 
netic pulse (EMP) and X-ray and highlight these differ- 
ent structures, the system can be studied by multiplying 
the energy distribution by En (i.e., n=0,1,2) [11]. In Fig. 
1, we show some typical kinetic energy distributions of 
deuterium ions obtained using a mixture of D2 and 
3He 
gases. 
 
16 
CD4+
3He released from the gas jet [32]. The intense laser 
beam that irradiates the clusters removes the electrons 
from the atoms and causes the clusters of deuterium ions 
to explode by Coulomb repulsion creating a hot plasma. 
Nuclear reaction occurring between the ions within a sin- 
gle cluster is negligible compared with reaction between 
ions belonging to different clusters [1, 2]. An f/40 focus- 
ing mirror (10 m focal length) created a large interac- 
tion volume in this experiment with laser intensities suf- 
ficiently high to drive laser-cluster fusion reactions. The 
radius, r, of the cylindrical fusion plasma was estimated 
from the beam profile measured at the equivalent image 
plane of the cluster target. Two cameras imaged the side 
and bottom of the plasma on each shot. The ratio of the 
atomic number densities of deuterium and 3He for each 
shot was calculated from a residual gas analyzer which 
measured the partial pressures of D2, CD4, and 
3He in 
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n=0 
the mixture. The gas mixtures were introduced at a pres- 
sure of 52.5 bars into a conical supersonic nozzle with a 
throat diameter of 790 µm, an exit radius R of 2.5 mm, 
and a half angle of 5◦ to generate large clusters (diam- 
eter >10 nm) necessary for energetic cluster explosions. 
D2+
3He and CD4+
3He mixtures were cooled to 86 K and 
200-260 K, respectively, to maximize the production of 
large clusters. Five calibrated plastic scintillation detec- 
tors [35] measured the yield of 2.45 MeV neutrons gener- 
ated from d-d fusion reactions. Three plastic scintillation 
detectors measured the yield of 14.7 MeV protons from 
the 3He(d,p)4He fusion reactions. These proton detectors 
were located in vacuum 1.06-1.20 m from the plasma at 
45◦, 90◦, and 135◦. Ion energy distribution signals were 
measured using a Faraday cup of 16 mm diameter, placed 
at 157.5◦ relative to the laser direction at a distance of 
about 1.07 m from the target, with a -400 V bias [3, 4, 30] 
. By measuring the Faraday cup signal (∆V), one can de- 
termine the number of ions N hitting the cup in energy 
space E as [11] 
0.0001 0.01 1 
E[MeV] 
 
FIG. 1. Ion kinetic energy moments distribution n=0 (black 
line), n=1 (red line) and n=2 (blue line) of the signals for a 
shot performed using a mixture of D2+
3He. Moments anal- 
ysis is a powerful tool to separate the electromagnetic noise 
from detectable signal. 
 
Three regions were identified. In the low energy region 
below 1 keV, the ion signal belongs to the blast wave 
of the energetic plasma ions [1]. In the intermediate re- 
gion below roughly 70 keV, the ion signal represents the 
kinetic energy spectrum of deuterium ions coming from 
the Coulomb explosion of large clusters, these are the ions 
responsible for fusion reactions, especially d-d. d-3He fu- 
sion reactions are mostly generated from ions very close 
to where the noise becomes dominant. In the high en- 
ergy region starting from roughly 70 keV, the ion signal 
overlaps with the EMP and the X-ray “noise”.  From the 
kinetic energy moments distribution analysis it is rela- 
d2N s3 = 
∆V  
. (1) tively easy to separate these three regions and distinguish 
 
 
dEdΩ mDv3πr
2  qeRΩ the electromagnetic noise from detectable signal. Notice 
the large oscillations in the distributions around 1 keV. 
In the above equation, s=1.07 m is the distance of the 
detector from the target, mD and v are the deuterium 
ion mass and speed, respectively, q is the charge state 
(i.e.,  q=1 for deuterium),  e is the electron elementary 
Those oscillations are not due to the initial EMP nor to 
the X-ray, since they are detected after a relatively long 
time (>2 µs). We could assume that the energetic ions 
coming from the laser-cluster interaction region quickly 
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expand into the cold region of the plasma (i.e., the part 
that was not irradiated by the plasma). In their  path, 
they capture some electrons which are still in the sur- 
rounding medium and especially the lower energy ions 
might become negatively charged. Thus, it is the net 
sum of positive and negative charges which produces the 
oscillations. Negative ions of kinetic energies lower than 
400 eV are rejected by the repulsive grid in the Faraday 
EC ∼-11 keV. This could be consistent with a deceler- 
ation due to a cloud of electrons still surrounding the 
exploding clusters causing a total positive shift in the 
energy because of the attractive collective energy (i.e., 
negative potential) experienced by the ions. 
 
 
 
15 
cup which terminates the oscillations.   However,  since 
such an energy region is irrelevant for the fusion reac- 
tions to occur, this feature is not discussed further in 
this work. Note that the ion signal roughly above > 70 
keV, where the fusion cross-sections are large, is obscured 
by the noise. It is important to stress that, if relevant 
information is to be determined from these experiments, 
such as fusion cross sections [4, 11, 23, 36], it is crucial 
to have a clean signal also above these energies interval. 
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It is the same energy region that, as we will show in 
E[MeV] E[MeV] 
this paper, is absolutely needed to be able to distinguish 
the MB distributions from the LN. Because of the noise 
shown in Fig. 1, we analyzed the number of fusions to 
pin down the most suitable distribution. We calculated 
the total number and energy spectrum of deuterium ions 
in the plasma, with the assumption of nearly isotropic 
emission [37, 38]. This assumption is reasonable because 
the clusters undergo Coulomb explosion [26]. In future 
experiments, further improvements must be made in the 
detection of the plasma ion signal and the precision of 
the fusion particle yields. 
 
 
III. MAXWELL BOLTZMANN DISTRIBUTION: 
THERMAL STATE 
 
Assuming that all the electrons are stripped  by  the 
laser light, the ’naked’ clusters will quickly explode be- 
cause of the Coulomb repulsion  among  the  ions  and 
the kinetic energy will result in the measured temper- 
ature T. We assume that the ion kinetic energy distri- 
butions can be described by either Maxwell-Boltzmann 
[3, 4, 25] or shifted Maxwell-Boltzmann distributions 
(i.e., E → E − EC ) [39]. In the second scenario, we 
find that the ions go through a cloud of electrons and 
experience a positive attraction or energy loss causing a 
shift in the energy distribution [11]. The kinetic energy 
moments distribution of the deuterium ions for charge 
state q=1 can be written as [11] 
FIG.  2. Ion  kinetic  energy  distributions  obtained  using 
a Maxwell-Boltzmann distribution EC =0 (left panel) or a 
shifted Maxwell-Boltzmann distribution EC  /=0 (right 
panel) for a shot performed using a mixture of D2+
3He. The 
dashed lines correspond to a fit of each ion region (i.e., fast 
ions and slow ions) whose sum gives the total contribution 
(solid line). 
 
It is important to note that the fusion plasmas might 
not be in thermal equilibrium even though the Maxwell- 
Boltzmann distribution reproduces the experimentally 
measured ion energy spectrum rather well. The con- 
sistency of this distribution scenario also remains when 
introducing a collective energy. However, the energetic 
deuterium ions in the plasma have such high kinetic en- 
ergies that their mean free paths (>10 mm) are longer 
than the size of the gas jet, and thermalization from ion-
ion collisions or ion-electrons is not expected under our 
experimental conditions. Previous studies have in fact 
shown that near-Maxwellian ion energy  distribu- tion is 
observed not because of thermalization of ions, but 
because of  cluster  size  distribution  [29,  37].  In the 
following section,  we consider this possibility that a 
near-Maxwellian energy distribution results from the 
log-normal size distribution of clusters in our gas jet. 
 
 
IV. LOG-NORMAL DISTRIBUTION: CHAOTIC 
STATE 
 
In this section we will explore the possibility that the 
En 
dN 
dE 
   N0   
= √
πT 3 
E 
n(E − EC ) 2 exp(− 
(E − EC ) 
), (2)
 
T 
motion of the ions within a cluster is chaotic enough to 
resemble thermalization. This is typical of many bodies 
interacting through long range forces which give rise to 
where n=0,1,2 and N0 is a normalization constant. The 
parameters in Eq. (2) are fitted to the experimentally 
measured ion  energy distributions, (see Fig. 2, n=0). 
Two distributions are used for each energy region, the 
low and the intermediate region respectively. Note that 
on the shots examined, the shifted MB distribution for 
the intermediate energy region gives an average negative 
chaos already for a 3 particle system [33]. Microscopic 
simulations of such processes show that fusion might in- 
deed occur even though a collective motion is initially 
imposed to the system [40]. Here we do not suggest 
that it is either one mechanism or the other, but sim- 
ply we want to explore a different scenario and maybe 
suggest how to assess their relative contributions exper- 
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imentally. Previous studies of cluster production in gas 
jets have found that the experimentally measured size 
distribution is best described by a log-normal distribu- 
tion [3, 19, 20, 25, 37, 38, 41, 42]. In that case the clusters 
 
10
17 
 
 
n=2 
of size M density moments can be written as [37] 10
14 
Mn 
dN M0M 
n−1 
= 
(ln M − µ)2 
dM 
√
2πσ2  
exp(− 
2σ2 
). (3) 10
11 n=1 
 
Where n=0,1,2. In the above equation, M0 is a normal- 
ization constant, µ and σ are the mean and the standard 
deviation of the distribution of the natural logarithm of 
the size. Assuming the relation between the radius and 
the number of ions M in the cluster is 
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where rs=(   
3
 ) 3 =1.7A˚[28],  then  the  Coulomb  energy M 
VC  per particle for a uniformly charged sphere of radius 
Rcl can be written as [2] 10
16 
 
VC  
= 5.1M 
2 
(eV ) 
M 
≡ Ed. (5) 
 
10
14 
Thus we are assuming that the kinetic energy of a deu- 
terium ion is due to the Coulomb explosion of a clus- 
ter of size M. Different cluster sizes result in different 
ion energies. The relation between the quantities Ed 
and M can therefore be estimated from the equation 
above (i.e., dE = 3.4 M− 
1 
.) and the Maxwell-Boltzmann 
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function (i.e., n=0) can be rewritten in terms of M as 10
10 
( dN dN dE 
dM 
= 
dE dM 
) [11] n=2 
 
dN 3.4N0 2 1 10
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dM M 3 
√
πT 3 
((5.1M 3 ) − EC ) 2 
2 
exp(− ((5.1M 
3 ) − EC ) 
).   (6)
 
T 
0.0001 0.01 1 
E[MeV] 
This allows us to analyze the cluster size distribution in 
terms of a “pseudo’ Maxwell distribution. Alternatively, 
from the log-normal distribution function, we obtain the 
ion kinetic energy distribution function (i.e., n=0) using 
the same relationships as [11] 
3 
FIG. 3. Moments analysis (n=0,1,2) of the signal both in clus- 
ters space (top panel) via Eqs. (3) and (7) and energy space 
(bottom panel) via Eqs. (2) and (7). Maxwell-Boltzmann 
distribution (solid red), shifted Maxwell-Boltzmann distribu- 
tion (dashed blue) and log-normal distribution (dotted green) 
are plotted. Note especially the differences for large cluster 
sizes. Thus a precise measurement of the high energy ions is dN 1.4M0   (ln(0.09E 2 ) − µ)2 
= 
dE E 
√
2πσ2 
exp(− 
2σ2 
). (7) crucial to distinguish the different distribution. Alternatively 
a calculation of the number of fusions can exclude some of 
the hypothesized distributions (or all).  For higher moments 
Notice that an alternative derivation to the above result 
is discussed in [2]. Even though the two approaches seem 
to present different functional terms, the logarithm de- 
pendence of the energy produce similar results at high 
energies and therefore we will not discuss further the lat- 
ter in this paper. These sets of equations can be used 
to study the plasma ion kinetic energy moments distri- 
bution via Eqs. (2) and (7) or the cluster size moments 
distribution produced using Eqs. (3) and (6), see Fig. 3. 
(n=1,2), the noise is clearly visible and it occurs exactly where 
the distributions differ most. 
In Eqs. (3) and (7), the presence of the natural loga- 
rithm makes the functions decrease more slowly at higher 
energy and larger cluster size (i.e., log-normal distribu- 
tion goes to zero slower for energy or cluster size ap- 
proaching infinity). This is shown in Fig. 3 where 
discrepancies  among  the  different  distributions  are  es- 
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pecially visible for high energies (> 70 keV) and large 
cluster sizes. For this reason, the fact that despite all 
distributions are able to describe the measured distribu- 
tion quite well, the substantial difference these show in 
the high momentum tail of the signal will be dominant 
when calculating the fusion yield. This analysis might 
give us a hint as to which one is the process that governs 
the energy distribution of the plasma we measure, and 
perhaps show us the true nature of the signals recorded. 
From Fig. 3, we could conclude that all distributions re- 
produce the data relatively well up to the region where 
the noise becomes dominant. Thus we need further infor- 
mation to distinguish them. This might be accomplished 
by comparing the number of fusions obtainable from the 
fitted distributions with the measured particle yield. A 
closer look at the energy distribution of the plasma in 
energy space is given in Fig. 4. 
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of fusion events under each different scenario. In general, 
the total fusion yield produced via laser-plasma reactions 
can be estimated as [1, 3, 4, 11] 
  ρ1 N2 <σvτ> 
Y =  . (8) 
1 + δ12 
Where ρ1 is the target density of species 1, N2 is the total 
number of laser accelerated ions of species 2, <σv>is the 
average reactivity, τ  is the plasma disassembly time.  The 
value of δ12 in the denominator is “0” for the case where 
the two species of particles are different and “1” for the 
case where they are the same. Similarly to [3, 4, 30], 
we focus on the study of the reactions from which 2.45 
MeV neutron (Yn) and 14.7 MeV proton (Yp) yields are 
produced, respectively. As previously discussed, the ki- 
netic energies of the deuterium ions resulting from the 
Coulomb explosion mechanism reach several keV so that 
d-d fusion reactions can be generated when energetic deu- 
terium ions collide with each other called beam-beam fu- 
sion (Yn(BB)) or with cold deuterium atoms in the back- 
ground gas jet outside the focal spot called beam-target 
fusion (Yn(BT )). Similarly to [3, 4, 30, 43], we will esti- 
mate the probability of d-d fusion in the cluster plume 
in the limit where the plasma disassembly time for col- 
lisions involving hot deuterium ions only (BB) can be 
approximated as [11] 
 
 
 
 
 
 
 
0.003 0.01 0.08 
l 
τBB = 
v 
. (9) 
In the above equation, l is the radius of a sphere with 
volume equal to a cylindrical plasma of radius, r, and 
height, R, and v is the speed of the hot deuterium ions. 
On the other hand, for collisions between hot deuterium 
ions with cold deuterium atoms (BT), the plasma disas- 
sembly time can be estimated as [11] 
R − l 
E[MeV] τBT = . (10) 
v 
FIG. 4. Comparison between different plasma ion kinetic 
energy distributions (n=0) in the intermediate energy re- 
gion. MB distribution (solid red line), shifted MB distri- 
bution (dashed blue line) and log-normal distributions LN1 
(dotted green) and LN2 (dash-dot orange line) are plotted. 
The plasma ion kinetic energy distributions and the fusion 
yields are consistent with MB and sMB. The LN distribu- 
Thus, we consider only the region outside the fusion 
plasma, over a distance (R-l). Whereas the probability 
of d-3He fusions in the cluster plume is estimated in the 
limit where the plasma disassembly time is determined 
as [11] 
R 
tion does not reproduce both the measured ion signal and 
the fusion particle yields with the same set of parameters. In 
τd3 He = . (11) 
v 
particular, the dotted green line (LN1) reproduces the mea- 
sured distribution quite well but not the fusion yield, and vice 
versa the dash-dot orange line (LN2). Only the ions relevant 
to fusion reactions are plotted in the figure. 
Therefore, the 2.45 MeV neutron yield Yn  is calculated 
as [3, 4, 11, 30] 
ρDN <σ>dd(BB) l 
 
 
 
V. FUSION REACTIONS 
Yn = Yn(BB) + Yn(BT ) = + 
2 
ρDN <σ>dd(BT ) (R − l).   (12) 
 
As a matter of fact, each one of the particle distribu- 
tions described will determine a different fusion cross sec- 
tion and to test our distributions we estimate the number 
where N is the total number of energetic deuterium ions 
in the plasma, ρD is the average atomic number density 
of deuterium cluster plume, <σ>dd(BB) is the average fu- 
sion cross section between hot deuterium ions, <σ>dd(BT 
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is the average fusion cross section between hot deuterium 
ions and cold deuterium atoms at T since one of the ions 
dY
n(BB) 
dd(BT ) dd(BB) dE 
is cold (i.e., Ec.m.    = 
1 Ec.m.    ) [3, 4, 11, 30]. 
On the other hand, the 14.7 MeV proton yield is cal- 
culated as [3, 4, 11, 30] 
Yp = ρ3 HeN <σ>d3 He R, (13) 
where ρ3 He is the average atomic number density of 
3He 
and <σ>d3He is the average fusion cross section between 
hot deuterium ions and cold 3He ions at 3  T since 3He is 
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3 dd(BB) 
at rest (i.e.,  Ed  He= 3 Ec.m. ) [3, 4, 11, 30]. In our cal- 
c.m. 5 
culations, we make use of the deuterium cluster density 
and 3He concentration measured during each shot. Then, 
to determine which ion kinetic energy distribution best 
reproduces the experimental yields, the average fusion 
cross section of each reaction is estimated numerically 
or analytically from each energy distribution scenario as 
[11] 
 
2 10
7
 
 
 
 
 
 
dY
p 
dE 
 
        N <σ> = ∫∞0 
dN 
σ(E) dE. (14) 
dE 
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In the above equation, σ(E) is the cross section of the 
reaction considered (i.e., d-d and d-3He) and  dN is the 
distribution function (i.e., MB, sMB or LN distributions). 
In Fig. 4, a typical situation is displayed, where both the 
Maxwell-Boltzmann, the shifted MB and the log-normal 
distributions reproduce the measured signals correctly. 
The only substantial differences among them are in the 
high momentum tail of the signal. As mentioned above, 
these deviations become more dominant when calculating 
the fusion yield because the average cross section in equa- 
tion (15) is the convolution between the cross section, 
which increases exponentially at higher energies, and the 
distribution function which decreases for increasing en- 
ergies. The log-normal distribution function indeed, de- 
creases slower at higher energy because of the natural 
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E[MeV] 
logarithm dependence in the exponent, which results in 
an overestimate of the fusion yields. Of course this can 
be corrected by making opportune adjustment to the log- 
normal distribution, building the distribution (LN2) so 
that we are able to reproduce the fusion yield (see Fig. 
4, dash-dot orange line). In this case though, the ad- 
justed distribution does not reproduce the experimen- 
tally measured high energy ion spectrum.  The quantities 
FIG. 5. The integral of the quantities displayed in the figure 
gives the fusion yield obtained for d-d from the hot deuterium 
ions contribution (Yn(BB), top panel) and d-
3He (Yp, bottom 
panel) fusion reactions, respectively. Maxwell-Boltzmann dis- 
tribution (solid red line), shifted Maxwell-Boltzmann distri- 
bution (dashed blue line) and log-normal distribution (dash- 
dot orange line) all give the correct measured fusion yields 
within the error bars. The log-normal distribution in green, 
which describe the ion signal correctly, does not reproduce the dYn(BB) dN dYp dN 3 
dE 
= ρσ(E)l 
dE  
and 
dE   
= ρ3 Heσ(E)l dE  are plot- 
number of fusions measured, especially d- He which is more 
ted in Fig. 5 for the different distribution functions and 
the experimental data. The fusion cross sections (σ(E)) 
are taken from Ref. [44]. 
In Fig. 6, we plot the number of fusions obtained in dif- 
ferent shots and compared to the estimates from the LN 
distributions (top panels) and the  Maxwell-Boltzmann 
and the shifted MB distributions (bottom panels). The 
convolution of the distribution function with the fusion 
cross sections exhibits a maximum which is usually re- 
ferred as Gamow energy EG [45, 46]. Such a quantity 
could be directly determined from the data only for the 
d-d case [36] (see Fig. 5) because of the noise. 
sensitive to the highest energies.  A more precise measure- 
ment of the fusion yields, i.e. with smaller error bars, might 
distinguish further among the different distributions. 
 
We can easily estimate it for each theoretical distri- 
bution and for both nuclear reactions. The calculated 
number of fusions as function of the Gamow energy is 
also given in Fig. 6 (right panels). Note that the d- 
3He results in a higher Gamow energy because of the 
higher Coulomb barrier, thus it is more sensitive than d- 
d reactions to higher energy plasma ions, which reaffirms 
the importance of accurate measurement of the high en- 
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FIG. 6. Total fusion yield obtained for d-d (Yn) and for d-
3He fusion reaction (Yp). Open symbols refer to the experimentally 
measured fusion yields. MB and shifted MB distributions (bottom panels) all give the correct measured fusion yields within 
the errors. Log-normal distribution LN2 (top panels) gives the correct measured fusion yields when the parameters are chosen 
to reproduce d-d fusions. The log-normal distribution LN1 (top panels), which describes the ion signal correctly, does not 
reproduce the number of fusions measured, especially d-3He which is more sensitive to the highest energies. The right panels 
show the estimated fusion yields as function of the Gamow energies EG obtained for each distribution. The LN1 distribution 
results in higher Gamow energies as expected. 
 
ergy ions. Comparing the Gamow energies for the differ- 
ent distributions, we find that the MB distributions give 
similar values, while the LN distributions give generally 
higher values because of the slow energy decay of the dis- 
tribution. In the particular case shown in Figs. 4 and 5 
(i.e., shot #2754), the experimentally measured ion dis- 
tribution energy spectrum and d-d fusion reaction yield 
are well described by the LN1 distribution (green dotted 
line). On the other hand, the d-3He fusion yield we ob- 
tain with the LN1 distribution largely overestimates the 
data (see Fig. 6, top panel). In general for all the other 
cases in Fig. 6, the estimated number of fusions for d-d 
and d-3He nuclear reactions using LN1 distributions are 
systematically  higher  than  the  measured  fusion  yields, 
Y
p
,
Y
n
 
Y
p
,
Y
n
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above the experimental error. We can reproduce rather 
well both fusion yields of neutrons and protons produced 
with the LN2 distributions if we adjust the parameters, 
say to reproduce the number of d-d fusions. In such a 
case we do not reproduce the high momentum tail of the 
ion kinetic energy distribution, see Fig. 4. 
 
 
 
VI. CONCLUSIONS 
 
We used the Maxwell-Boltzmann (MB)  distribution, 
the shifted MB distribution (sMB) and the energy dis- 
tribution derived from a log-normal size distribution of 
clusters (LN1, LN2) to estimate the fusion yields from 
d-d and d-3He fusion reactions. We have shown that the 
first two distributions reproduce well the experimentally 
measured ion kinetic energy distributions and both fu- 
sion yields of neutrons and protons produced, offering 
a situation in which the ion distribution can be consid- 
ered in thermal equilibrium with or without a negative 
collective energy. On the shots displayed in Fig. 6, we 
observe an average deuterium ion kinetic energy of 12.9 
± 2.3 keV, or kT = 8.6 ± 1.5 keV defined as two thirds of 
the average kinetic energy of deuterium ions, compared 
with an average deuterium ion kinetic energy of 14.3 ± 
2.4 keV, kT = 9.5 ± 1.6 keV and EC ∼ -11 keV using 
shifted MB distributions.  These small differences could 
be further resolved with a better precision in the mea- 
surements of the ion kinetic energy distributions and the 
fusion yields. In contrast, the LN distribution does not 
reproduce both the measured ion signal and the fusion 
particle yields with the same set of parameters within 
the experimental errors.   In fact,  we were able to de- 
rive the correct fusion yield (LN2), but in this case the 
log-normal distribution does not give a good represen- 
tation of the measured ion signal. However, as pointed 
out in Ref. [32], the measured deuterium cluster sizes 
are far smaller than the average sizes calculated using 
the Hagena parameter [47, 48] which might have affected 
the cluster size distribution itself,  and  therefore  made 
our description based on [3, 25, 37, 38, 41, 42] and the 
LN distribution not ideal. In any case, at least for the 
quantities considered here, we conclude that the distribu- 
tion is identical to that expected for thermal equilibrium, 
perhaps because the Coulomb explosion of different clus- 
ter sizes is so chaotic to be practically indistinguishable 
from thermalization [33, 40]. The approach discussed in 
this work could be very useful to describe astrophysical 
scenarios reproduced in laboratory, especially for plasma 
fusion cross sections measurement in the presence of elec- 
trons. 
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